Short-duration summer annual crop rotations are widely used in the Midwest, but their long-term impact on soil quality has not been thoroughly examined. Our goal was to compare soil properties under long-term use of the most common crop rotations around Illinois, and to identify soil quality indicators for rotations in the state. Crop rotations of continuous corn (Zea mays L.) (CCC), corn-soybean [Glycine max (L.) Merr.] (CS), and corn-corn-soybean (CCS) were arranged in a randomized complete block design (RCBD), with three or four replications at each of six locations, with all phases present each year for 12 yr. We measured 21 soil properties on the surface soil and 18 properties at four successive depths, rendering a total of 126 and 504 observations available for the multivariate statistical analyses, including principal component analyses (PCA) and canonical discriminant analysis (CDA) in both data sets. We found that our discriminant rules based on the measured soil properties correctly identified the location of origin of the soil samples in 98% of cases, representing <2% error rates for the cross-validation results at each location. Crop rotations, on the other hand, did not affect any of the soil properties evaluated, results further confirmed by our CDA analyses that showed high error rates for classification. Though these short corn rotations make economic sense, they behave similarly to corn monocultures from the soil quality standpoint, compromising the sustainability of our current agricultural systems and highlighting the need to increase temporal and spatial diversification.
D
eterioration of soil health/quality is a global concern with massive amounts of fertile agricultural land lost every year to erosion, flooding, mining, urban development, and intensive agricultural use (FAO and ITPS, 2015) . Although the actual magnitude of each of these forces worldwide is unknown, estimates of soil losses due to erosion processes for example, average about 30 Mg ha -1 yr -1 , ranging from 0.5 to 400 Mg ha -1 yr -1 (Pimentel et al., 1995) . With the world population growing steadily, this annual reduction in the amount of land suitable for food production poses a significant threat to food security worldwide. Thus, preserving our most fertile soils is critical to human welfare (Pimentel and Burgess, 2013) . Illinois ranks among the top two states in the United States in the production of both corn (Zea mays L.) and soybean [Glycine max (L.) Merr.], with yields of 12.4 Mg ha -1 for corn and 3.9 Mg ha -1 for soybean in 2016 (USDA-NASS, 2016 ). This high productivity relies on two essential conditions: (i) highly fertile, deep Mollisols developed under prairie vegetation on a thick mantle of loess cover more than half of the state (Soil Survey Staff, 2017); (ii) high levels of fertilizer inputs-e.g., in 2016, 954,400 Mg of N and 446,350 Mg of phosphate were applied to 98 and 86%, respectively, of the planted corn area (USDA-NASS, 2017) .
Most of the corn and soybean in Illinois are grown in a 2-yr rotation with one another (CS), but the increased demand for corn shifted the hectarage toward corn in the last decade (Plourde et al., 2013) . Today, the total area planted with corn is almost 15% larger than the area allocated to soybean; with approximately 4.7 and 4.1 million ha each on corn and soybean, respectively (USDA-NASS, 2016) . This difference is primarily due to production of corn that follows corn in sequence, either as continuous corn (CCC) or as corn following one or more seasons of corn that follow soybean, such as corn in a soybean-corn-corn (CCS) sequence. Corn monocultures rely on high levels of external inputs to counteract yield declines typically observed in these systems (Bennett et al., 2012; Davis et al., 2012; Gentry et al., 2013) . The dominant CS rotation renders higher yields for each crop than when each is grown continuously in the same field (Bullock, 1992; Kelley et al., 2003) . Though reasons behind these yield benefits have proven difficult to uncover, this 'rotational effect' is considered an emergent property of the system where decreased disease, weed, and insect pressures (Chen et al., 2001; Xing and Westphal, 2009; Davis et al., 2012) ; reduction of greenhouse gas emissions (Halvorson et al., 2008; Wilson and Al-Kaisi, 2008) ; and enhanced soil fertility (Karlen et al., 2006; Villamil et al., 2006; Congreves et al., 2015) all play a contributing role. Therefore, the CCS rotation is considered to bring some of these agronomic advantages associated with growing corn and soybean in rotation compared with growing corn sequentially in the same field for several seasons.
Despite being economically successful, the widespread use of these short rotations and continuous cropping systems carry negative environmental consequences that question the overall sustainability of these systems when compared with extended rotations with diverse crops and green manures (Petersen and Snapp, 2015) . Highly simplified agricultural systems are driving global declines in biodiversity and soil quality leading to reductions in agroecosystem functions and services (Davis et al., 2012; McDaniel et al., 2014; Tiemann et al., 2015) . Despite the importance of a thorough soil quality assessment of the widespread short rotations and monocultures of corn crops, this information is not available for Illinois.
Soil quality is the capacity of a soil to function within ecosystem boundaries to sustain biological productivity, maintain environmental quality, and promote plant and animal health (Doran and Parkin, 1994) . Finding soil attributes that are sensitive to management practices is crucial to the assessment of soil quality (Arshad and Martin, 2002) . A sensitive indicator will display a statistically significant change in magnitude and/ or direction in response to management changes that will not be confounded by short-term changes such as seasonal weather patterns (Doran and Parkin, 1994) . Crop rotations have been reported to improve soil structure and relative crop yields (Kelley et al., 2003; Munkholm et al., 2013; Abdollahi et al., 2015) by influencing the soil environment primarily through differences in the quantity and quality of crop residue as well as root exudates returned to the soil (McDaniel et al., 2014; Tiemann et al., 2015) . The combination of greater residue production and slower decomposing residues of corn compared with soybean crops, can lead to an accumulation of stable soil organic matter (SOM) in rotations that feature corn crops more frequently (Kladivko, 1994; West and Post, 2002) . Soybean residues with characteristically low C/N ratio are quick to decompose and have been shown to increase the rates of nitrification and denitrification (Baggs et al., 2003) , while increasing the soil susceptibility to erosion (Kladivko, 1994; Martens, 2000) . In addition to residue quantity and quality, differences in nutrient uptake and fertilization practices for each crop are expected to alter the soil nutrient status in the rotations of these two crops when compared with their monocultures (Hickman, 2002; Houx et al., 2011; Mallarino et al., 2011) . However, the available literature (Hickman, 2002; Houx et al., 2011; Mallarino et al., 2011) shows mixed results, pointing to the site-specific nature of agronomic management and the difficulty of making broad generalizations from agricultural studies.
Despite the significant relationship of soil quality to crop productivity, input efficiency, and environmental sustainability, a complete assessment of physical, chemical, and biological properties is missing for the three most common crop rotations in Illinois, specifically, CS, CCS, and CCC. In addition, there is a critical need to evaluate these systems at several sites around the state to provide updated site-specific information to aid farmer decision making. Thus, the objectives of this study were to quantify the effects of CCC, CCS, and CS rotations on soil quality attributes, corroborate, and further investigate from a multivariate perspective which attributes are most sensitive to rotation changes in soils of Illinois.
mAterIAls AnD methoDs experimental sites
The study was established in 2002 at six of the University of Illinois Research and Education Centers ( Fig. 1) The soils at the three northern sites (DK, MN, and UR) were formed in loess over loam under prairie vegetation, and are classified as highly productive and deep Mollisols. The soil series at the DK site are Drummer silty clay loam soils (fine-silty, mixed, superactive, mesic Typic Endoaquolls) with little to no slope (Soil Survey Staff, 2017 . The MN site series consisted of mostly Muscatune silt loam (fine-silty, mixed, superactive, mesic Aquic Argiudolls) with a small portion of the study on Sable silty clay loam (fine-silty, mixed, superactive, mesic Typic Endoaquolls). The UR site is on a Flanagan silt loam (fine, smectitic, mesic Aquic Argiudolls). The OR site is on an Orion silt loam (coarsesilty, mixed, superactive, nonacid, mesic Aquic Udifluvents), an Entisol developed in the floodplain. The two southern sites, BT and DS, are located on Alfisols with inherited clay pans, limiting fertility. The BT site is on Cisne silt loam (fine, smectitic, mesic Mollic Albaqualfs) and at the DS site is on Grantsburg silt loam soils (fine-silty, mixed, active, mesic Oxyaquic Fragiudalfs). A more in-depth description of each site and soil series is available in the supplementary information section (Supplementary site description).
field management
At each of these locations, crop rotations of continuous corn (CCC), corn-soybean (CS), and corn-corn-soybean (CCS), were arranged in a randomized complete block design (RCBD), with four replications and all phases of the rotation present each year. Each experimental unit was 27 m long by 18 m wide. Conventional tillage consisted of primary tillage in the fall after harvest, using a combination disk-ripper or chisel operated 25 to 35 cm deep, and secondary tillage with a soil finisher before planting in the spring. No-till was used at the two southern Illinois sites, BT and DS, following recommended practices for the region. Commercially available corn and soybean cultivars were planted in 76-and 38-cm rows, respectively. Corn was planted at 79 to 91,000 seeds ha -1 and soybean at 370 to 395,000 seeds ha -1 . Fertilizer and pest management decisions were based on best management practices for each location according to the Illinois Agronomy Handbook (Fernández and Hoeft, 2009) . Nitrogen fertilization of corn occurred in the spring at or before planting as incorporated urea ammonium nitrate at rates of 246 kg N ha -1 for corn following corn, and at 202 kg N ha -1 for corn following soybean. No N fertilizer was added to the soybean crop. Additional P and K fertilizer was applied as necessary based on soil test results and did not differ among rotations at each site.
soil sampling and Analyses
Soil sampling was conducted in the fall of 2014, following the 12th crop year of the experiment. Penetration resistance (PR, kPa) was recorded with a Field Scout SC 900 Soil Compaction Meter (Spectrum Technologies, Plainfield, IL) with a length of 75 cm, a cone basal area of 1.28 cm 2 , and a cone angle of 30°. At three locations within each plot we took five recordings, and averaged the results at the selected depths of 0 to 15, 15 to 30, and 30 to 60 cm to get one measurement per plot per depth considered. Gravimetric water content was determined simultaneously and later used as a covariate in the statistical analysis of PR. Three soil core samples 4.3 cm in diameter were collected at random to 90 cm deep within each experimental unit using a tractor-mounted automated soil sampler (Amity Tech, Fargo, ND). Soil cores were cut into 0-to 15-, 15-to 30-, 30-to 60-, and 60-to 90-cm segments in the field, bagged, and transported to the lab. After determining gravimetric water content (W, g kg -1 ) for each sample, soil bulk density (BD, Mg m -3 ) was calculated using the core method (Blake and Hartge, 1986) . Field moist soil was analyzed for total inorganic N (TIN, as summation of N-NO 3 − and N-NH 4 + in mg kg -1 ) using KCl extraction (1:5, soil/solution) followed by flow injection analysis with a Lachat automated analyzer (Lachat Intruments, Loveland, CO). Soil samples were then air-dried and sieved to pass a 2-mm screen. Soil aggregates of the soil fraction ranging between 1 and 2 mm from each depth were tested for water aggregate stability (WAS, %) with an Eijkelkamp wet sieving apparatus (Eijkelkamp, Giesbeek, the Netherlands) following Kemper and Rosenau (1986) . Microbial biomass carbon (MBC, µg g -1 ) and nitrogen (MBN, µg g -1 ) were determined for the 0-to 15-cm samples according to the chloroform fumigation extraction protocol modified for air-dried soil samples (Sparling and West, 1989) . Samples were sent to a commercial laboratory (Brookside Laboratories, Inc., New Bremen, OH) for the determination of soil organic matter (SOM, g kg -1 ) by loss on ignition; soil pH (1:1, soil/water) via potentiometry; available phosphorus (P, mg kg -1 ) with Bray I extraction; and extractable macro-(K, S, Ca, Mg) and micronutrients (B, Fe, Mn, Cu, Zn) as well as Na and Al, using Mehlich-III extraction expressed in mg kg -1 (Mehlich, 1984) . Cation exchange capacity (CEC, cmol c kg -1 ) was determined by the summation method of exchangeable cations (Ca, Mg, K, Na, and H) (Sumner and Miller, 1996) . Soil organic matter values were later transformed to soil organic carbon (SOC, g kg -1 ) according to equations developed by Konen et al. (2002) adjusted for Illinois soils.
experimental Design and statistical Analyses
The study aimed to test the effects of corn rotations on soil properties 12 yr after establishment. Rotations were initiated in 2002 and all phases were present in each year, rendering a total of six rotations/phases under study: CCC, CCS, CS, CSC, SC, and SCC. The rotations were arranged in a randomized complete block design (RCBD) with four replications (blocks) at each of five locations (DK, MN, UR, BT, and DS) and in a RCBD with three replications at an additional site (OR) in Illinois. A managerial mistake at DK in 2008 lead to only three of the rotation/phases (CCC, CSC, and SC) with all replications intact being available at this site. Notice that although there was only one sampling year, we had six site-years of samples for the study, and therefore had sufficient spatiotemporal replication to make a robust test of the central hypothesis. Soil properties were determined at four successive depths: 0 to 15, 15 to 30, 30 to 60, and 60 to 90 cm. Thus, there were 6 × 4 × 4 × 4 = 384 number of samples taken at the sites MN, UR, BT, and DS; 6 × 3 × 4 = 72 samples taken at OR; and 3 × 4 × 4 = 48 samples taken at DK site, for a total of 504 observations. Twenty one variables were included in the data set, including soil properties of pH, CEC, SOC, MBC, MBN, PR, BD, and WAS; macronutrients TIN, P, K, S, Ca, Mg; micronutrients B, Fe, Mn, Cu, Zn along with Na and Al. Variable means and standard errors for general soil properties at each location, rotation, and depth are shown in Table 1 , for macronutrients and Na in Table 2 , and for micronutrients and Al in Table 3 .
Two subsets of the data were created to extract maximum information knowing that our software of preference to conduct multivariate analyses will automatically remove observations with missing data (SAS 9.4, SAS Institute, 2012) or generate error messages if missing data is present (The R Foundation, 2017). Thus, the first data set included all 21 variables yet was limited to the surface 0 to 15 cm to be able to include MBC, MBN and PR, rendering a total of 126 observations with no missing data. In addition, this strategy allows for the study of soil attributes within the top 15 cm where differences among treatments are more likely to be found. A second data set was comprised of 504 observations on 18 variables that were measured at all four depths, excluding MBC, MBN, and PR. These two data sets included the factor rotation, the analyses of which was approached in two complementary ways. In the first approach, we maintained each crop phase as a level of the rotation factor (CCC, CCS, CS, CSC, SC, and SCC) to examine soil changes associated with either corn or soybean within each rotation, i.e., with the rotation/phase level SC we are looking into the contribution of soybean to changes in soil properties within the corn-soybean rotation. In a second approach, we averaged the crop phases that make up a specific rotation (CCC, CCS, or CS), i.e., the soil variables measured for the rotation CCS are the average of the properties measured for CCS, CSC, and SCC. The latter approach allowed us to discuss an overall rotation effect for each of the CCC, CCS, and CS. The following statistical analyses were uniformly deployed for all four combinations of data set and approaches.
The soil variables measured have contrasting variances and units of measurement (supplementary Tables S1-S3) ; to avoid having the variable with the highest variance dominate the results, all multivariate analyses were conducted on standardized data (mean = 0, standard deviation = 1) obtained with the STANDARD procedure in SAS. Pearson's correlation coefficients were calculated using the CORR procedure in SAS to explore the correlation among soil variables (Table 1) . Correlations between variable pairs were found to be ≥ |0.3| (moderate to high range), which in most cases indicated the need to deploy a data reduction technique such as principal component analysis (PCA) to avoid problems of multicollinearity by compiling the information into a new smaller set of uncorrelated variables. Additionally, we used the macro %multnorm (http://support.sas.com/kb/24/983.html) on the models' residuals to check the assumptions of multivariate normality and homogeneity of the variance covariance matrices of the treatment groups (i.e., locations, rotations) required for the multivariate techniques deployed in this study, PCA for data reduction, and canonical discriminant analysis (CDA), for classification Table 2 . Principal component analysis of 21 soil variables for 0-to 15-cm soil depth with eigenvalues and cumulative proportion of the data set variability explained by the six principal components (PC) extracted with eigenvalues > 1. Component correlation scores (eigenvalues) with loadings greater than |0.3| are bolded. Probability values for the analysis of variance (ANOVA) and degrees of freedom (df) available for the analysis of the effects of location, rotation/phase, and their interaction are shown for the six extracted PCs. purposes (Johnson and Wichern, 2002) . Thus, we performed a PCA using PRINCOMP procedure in SAS; PCA creates new uncorrelated variables called principal components (PCs) that are linear combinations of the original raw variables that maximize the variability explained by the set of variables (Johnson and Wichern, 2002) . We extracted PC scores with eigenvalues ³1 that explained an important proportion of the total variability of each data set; these new variables are hereby called PC1 to PC6. Six PCs were extracted from the first data set and 5 PCs from the second data set, corresponding to the surface soil and to the complete soil profile, respectively, as previously described. The PCA thus reduced the dimensionality of each dataset from 21 (correlated) variables to 6 (uncorrelated) PCs (PC1-PC6, Table 2 ), and from 18 soil variables to 5 uncorrelated linear combinations (PC1-PC5, Table 3 ) with limited loss of information in both data sets. Soil variable loadings greater than 0.30 were considered in the interpretation of each set of PCs. Next, we fit linear mixed models to the PCs extracted in each case using PROC GLIMMIX in SAS (link = id) to evaluate the effect of location, rotation, and depth (for the second data set) and their interaction effects on soil quality parameters now summarized in our PCs. Blocks were considered a random effect and location, rotation, and their interaction, as fixed effects. Depth was analyzed using a repeated measures approach with variance-covariance structure of heterogeneous autoregressive [type = arh(1)] for each PC consistently selected on the basis of the lowest Akaike's Information Criteria (Littell et al., 2006) . When appropriate, lsmeans were separated using the pdiff option of the lsmeans statement, setting the probability of Type I error at 0.05(α), and using a Bonferroni correction (adjust = bon). To identify the variables that maximized group differences for location × rotation and location factors, we performed a CDA using the CANDISC procedure in SAS. Cross-validation of our linear discriminant functions obtained with the CDA was performed to estimate the probabilities of correct classification of new observations into the location and rotation groups as suggested by Johnson and Wichern (2002) . All plots were created within the R environment, version 3.4.1 (The R Foundation, 2017), using the package ggplot2 (Wickham, 2009 ) to aid in the visualization of our multivariate analyses results (Yeater and Villamil, 2017) .
results surface soil Data set
The PCA on soil variables of the surface soil data set rendered a set of six uncorrelated variables or PCs (PC1-PC6) with eigenvalues larger than 1 that together explained about 73% of the variability contained in the soil database (Table 2 ). Principal component 1 had the largest eigenvalue (7.47) and explained about 34% of the soil variability whereas its eigenvector included high positive loadings (>0.30) for CEC, SOC, Ca, and Mg. The eigenvalue for PC2 was 2.56 and explained 12% of the variability in the surface soil data set; PC2 eigenvector had negative loadings for P, K, and Fe, and a high positive loading for water content. The eigenvalue for PC3 was 2.02 and explained an additional 11% of the total variability. The PC3 eigenvector included negative loadings for pH, B, and Zn, and positive loadings for PR and S content. The eigenvalue of PC4 was 1.57, explaining 7% of the variability. Three soil parameters were positively loaded into this PC4-TIN, B, and Al. The eigenvalue for PC5 was 1.33 and explained 6% of the variability; this PC5 loadings showed a contrast between P and Fe (positive loadings) and S and Na (negative loadings) levels. The final PC6 had an eigenvalue of 1.19 and explained 5% of the variability, whereas its eigenvector showed a contrast between BD and MBC (positive loadings) and water content at sampling (negative loading). We used each of these six PCs as independent variables in follow-up analysis of variance (ANOVA) testing the effect of locations, rotations, and their interaction effect on the soil quality parameters represented by each PC. The probability values and degrees of freedom associated with the ANOVA for the effects of location, rotation, and their interaction are shown in the lower portion of Table 2 for each extracted PCs. The interaction location × rotation effect was not statistically significant for any of PC1 to PC6, indicating a similar response of each of these variables to the studied rotations across all six locations in Illinois. Lack of a statistically significant interaction effect allowed us to focus instead on the main effects of the factors location and rotation. Thus, location was the overriding factor in the statistical analyses of the surface soil data and it was found to be statistically significant for all PC1 to PC5 and marginally significant for PC6 (p < 0.0507). Figure 2 shows a plot of the mean score values for each of the PCs resulting from the surface soil variables recorded at each location. Statistically significant differences among the mean PC scores of the six locations were found for each PC1 to PC5. In agreement with its explanatory power, the first PC did the best job in segregating locations with clear separation of the southern sites (BT and DS), the OR site, as well as DK and UR sites, yet identifying MN PC1 scores as intermediate between the latter two. These differences in PC1 highlight the role of SOC, Ca, Mg, and CEC on our soil taxonomy standards; the locations are generally grouped based on their soil order: Alfisols at the southern two sites, Entisols of alluvial origin at OR, and the three Mollisols with the highest PC1 scores, UR, MN, DK, which also show a gradient on their overall fertility level expressed by SOC, Ca, Mg, and CEC. Mean separation of PC2 scores contributes another important layer to understand the soil differences between both the UR and MN sites, as well as the BT and DS sites. Principal component 2 includes the variables P, K, and Fe and, as a group, those variables are the lowest at DS and the highest at BT, whereas relatively higher values of available P at UR helps in its differentiation from MN. Principal component 3 mean separation aids further in the segregation of sites, this time clearly differentiating between DK and MN locations. The soils from the MN experimental location show the highest pH, and also the lowest PR values and levels of B and Zn. Meanwhile, DK soils show the lowest levels of B and Zn, and the highest records of PR and S. Principal component 4 mean scores present a contrast between UR and DK sites, also identified by the previous PC variables but with an emphasis on the level of TIN, which favors UR in this case. Principal component 5 primarily separates OR (lowest S levels) from MN and BT (highest Na levels). There were no statistically significant differences among PC6 mean scores for the locations, confirming the marginal significance of the ANOVA results on this variable.
Only PC1 showed a statistically significant response to the studied rotations (Table 2) when we looked into the individual crop phase of each rotation treatment (rotation/phase, Fig. 3a) . The corn (CS) and soybean (SC) phases of the CS rotation showed contrasting PC1 scores with negative values associated with the corn phase and positive values associated with the soybean phase. Thus, the soybean phase is associated with higher soil surface levels of CEC, SOC, Ca, and Mg when compared with the corn phase of the CS rotation (Fig. 3a) . The mean score for this SC phase was, however, similar to that measured under CCC rotations. In addition, the first year corn phase (CCS) of the CCS rotations showed similar PC scores to the corn phase (CS) of the CS rotation. Likewise, the second year corn (CSC) and the soybean phase (SCC) of the CCS rotation showed similar PC1 scores yet the second year corn (CSC) resembled values found for the CCC rotations.
The rotation effect on PC1, as well as the mean score differences among phases of the rotations reported in Table 2 and Fig. 3a , disappear when the analysis is conducted on the actual rotation-averaging the individual crop phases to render three categories: CCC, CCS, and CS (Fig. 3b) . This lack of differences among rotations points to transient effects during the respective corn and soybean crop phases.
complete soil Data set
The PCA on soil variables of the complete soil data set rendered a set of five uncorrelated variables or PCs (PC1-PC5) with eigenvalues larger than 1 that together explained about 73% of the variability contained in the soil database (Table 3 ). The first PC1 had the largest eigenvalue (5.29) and explained about 28% of the soil variability while its eigenvector included high positive loadings (>0.30) for SOC, K, Ca, and Cu and negative loadings for BD and S levels. Principal component 2 had an eigenvalue of 4.11 and explained 21% of the variability in the entire soil data set; PC2 eigenvector had negative loadings for P, Fe, and Mn, and a high positive loading for CEC and Mg. The eigenvalue for PC3 was 1.80 and explained an additional 10% of the total variability. The PC3 eigenvector included positive loadings for pH, Na, and Zn content. The eigenvalue of PC4 was 1.52, explaining 8% of the variability. Five soil parameters were positively loaded into this PC4-P, K, S, Na, and Fe. The final PC5 had an eigenvalue of 1.12 and explained 5% of the variability while its eigenvector showed a contrast between water content at sampling and Zn levels (positive loadings) and BD and Cu content (negative loadings). As we did with the PCs that summarized the information contained within the surface soil data set, we used each of these new five PCs as independent variables in follow-up ANOVA. We tested the effect of locations and rotations at successive depths along with their interaction effects on the soil quality parameters represented by each PC. The probability values and degrees of freedom associated with the ANOVA for the effects of location, rotation, depth, and their interactions are shown in the lower portion of Table 3 for each extracted PCs. The interaction location × rotation × depth effect was not statistically significant for any of PC1 to PC5, yet there was a consistent and statistically significant response to location × depth (p < 0.0001) measured for each of these variables (Table 3) . These results indicate that the profile in depth of each PC score varied among locations-expected based on the soils dominant at each site-yet it was independent of the rotation considered. The rotation × depth effect was statistically significant for PC1, which indicates that the profile in depth of the PC scores varies among the phases of the rotation. As we detected with the surface soil data set, we again see an overriding effect of location on the soil parameters represented by each PC with minimal response to rotation effects. Figure 4 shows the profile of the mean score values at each of four successive depths for each of the PCs extracted from the complete data set of soil variables measured at each location. Statistically significant differences among the mean PC scores of the six locations were found for each PC1 to PC5. The first PC again did the best job in segregating locations, clearly grouping and separating the southern sites (BT and DS) at all depths considered, and the OR site segregated in the top three depths showing intermediate scores between the southern sites and the more fertile northern and central locations of MN, DK, and UR. With the large number of observations available for these analyses, PC1 now included more variables as well to achieve a good characterization of sites that reflect not only their taxonomic grouping but also their overall fertility status. Thus, based on PC1 scores, DS and BT show comparatively the lowest levels of SOC, Ca, K, and Cu levels while also displaying the highest BD values and S content. Mean separation of PC2 scores contributes another important layer to understand the soil differences between DK and both the UR and MN sites. Site DK shows the highest CEC and Mg levels and relatively low values of P, Fe, and Mn, which contributed to a clear differentiation of the soils from this site with PC2 (Fig. 4) . These PC2 scores also help in identifying segregating OR characteristics in the deeper soil layers of that site, as well as setting apart BT from DS soils based on their contrasting levels mainly of P and Mn. The latter segregation was not achieved with PC1 except in the deeper layer of the soil. Principal component 3 mean separation aids further in the segregation of UR and DS sites with more information in the deeper layers yet not in the surface soil. Likewise, PC4 and PC5 mean scores are able to separate one or two particular sites from the other four and the effect varies at each depth considered, which can help us to identify these rotations beyond of what can be accomplished with the first PCs.
As we observed with the surface soil data set, only PC1 showed a statistically significant response to the studied rotation and this response varied with depth considered (Table 3) when we looked into the individual crop phase of each rotation treatment (rotation/phase, Fig. 5a ). The corn (CS) and soybean (SC) phases of the CS rotation showed contrasting PC1 scores in the top 30 cm of the soil. The PC1 scores were statistically different for the phases on the surface 0-to 15-cm soil layer (p < 0.0055). Negative PC scores at the 15-to 30-cm depth were associated with the corn phase whereas positive values were associated with the soybean phase at this depth (p < 0.0309). Thus, based on PC1 scores, CS show comparatively lower levels of SOC, Ca, K, and Cu, while also displaying the highest S content in the topsoil. Also for the top two depths considered, the mean score for this SC phase was statistically different than the scores registered for the first-year corn phase (CCS) of the CCS rotations (p < 0.0056). No other statistically significant differences were detected among rotation/ phases. Yet again, the rotation effect on PC1 as well as the mean score differences among phases of the rotations reported in Table  3 and Fig. 5a , disappear when the analysis is conducted on the actual rotation, averaging the individual crop phases to render three categories: CCC, CCS, and CS (Fig. 5b) .
Discriminant Analysis of location × rotation groups using the complete Data set
To supplement this one-by-one investigation of our 5 PC variables obtained from the complete soil data set, we deployed a CDA to provide an overview of our experimental results and confirm what we observed with our univariate approach. The question guiding this part of the analysis focused on which combination of soil variables (what PCs) maximized the segregation among groups. The answer would help us identify soil attributes more sensitive to changes in management practices such as rotations in Illinois soils. We anticipated that these would vary with the location considered so we defined the CDA groups as the location × rotation combinations available, i.e., six locations and three rotations, rendered 18 possible groups. A second CDA was performed focusing only on location as a grouping factor. The results of these analyses are plotted in Fig. 6a and 6b , respectively. Discriminant analyses indicated that the first two LDs (LD1 and LD2) accounted for 95% of the total variance among groups in both analyses (location × rotation with 18 groups, and location only with 6 groups). Each LD is a linear combination of the independently measured soil attributes (summarized by our 5 PCs) and is orthogonal to the others. Thus, PCs with a high relative weight (loadings) in the discriminant function contribute more to the discriminant power of the function, and therefore they are the most desirable as indicators of soil quality. The loadings or raw canonical coefficients of the PCs on the first two discriminant functions were, in both analyses, as follows: The first discriminant function, LD1, explained 91% if the variance among groups and was dominated by high positive loadings from PC1 and PC2, as well as negative loadings from PC5 and PC4. The second function, LD2, was characterized by high loadings of both PC5 and PC2 with negligible contributions from the other PCs.
A cross-validation procedure was included to estimate the probabilities of correct classification of new observations as a measure of accuracy of our discriminating rules (Johnson and Wichern, 2002) . Table 4 shows the confusion matrix, which gives the number of cases with true class I (from group) classified as of class j (classified into group) followed by the error count estimates for each group for our first CDA for the 18 possible location × rotation groups. Our discriminating rule failed on average 63% of the time, indicating only scant predictive information in the discriminant function. If we explore further this Table 4 alongside Fig. 6a , we can observe that although the soil samples are correctly classified within locations, the rule fails when allocating to the rotation component of that group-data points corresponding to different rotations (shapes) overlap within a given location in the plot, yet locations (colors) can be easily separated into groups. This is confirmed by our results of the second CDA on the location groups shown in Fig. 6b and by the associated cross-validation results in Table 5 . The BT and DS locations both showed low negative loadings for LD1, whereas DK, MN, and UR all showed high positive loadings; OR clearly situated between these two opposite loading groups. When focusing on location groups only, our LD1 rule successfully classifies observations >98% of the time (error < 2%). These contrasting results between CDAs that shared, however, the same discriminating rules, LD1 and LD2, are due to the overriding effect of location on our soil data set and the lack of contrasting effects on soil properties among these three studied rotations.
DIscussIon
Although we usually associate long-term diversified crop rotations with soil and yield benefits, the agricultural landscape in Illinois and the Midwest Region is dominated by corn crops either in short rotations with soybean (CS and CCS) or in monocultures (CCC). These widespread short rotations are generally less beneficial to soil quality than diversified rotations (Bullock, 1992; Karlen et al., 1994) but research was missing in this regard in Illinois. Using field experiments established in 2002 to evaluate crop yields at six locations, we investigated the effect of these short rotations and corn monoculture on soil quality attributes. We had anticipated that the rotations will have a different response at each location or groups of locations (i.e., a statistically significant interaction effect of location × rotation), yet our results clearly did not support this. The lack of interaction effect location × rotation in the analyses of both the surface soil and complete soil data sets using all six rotation/phases or the phases averaged for each of the three rotations under study, hint toward the use of the factor location as a random factor in the analyses of each set of PCs. When using location as a random factor we are narrowing our question while expanding our inference space. Our question focuses now on the overall effect of rotation/phases or rotations (averaged phases) across the state of Illinois where the six locations function as spatial replicates of our rotation experiment. Because only one complete experiment was set up at each of the BT, DK, DS, MN, OR, and UR sites, respectively, one could consider treating location as a random effect a more appropriate approach for the statistical analysis of the PCs. That said, the results of the random effects approach (data not shown) coincide and confirm what we have thoroughly described while treating location as a fixed effect. For both surface soil and complete data sets, PC1 shows statistically significant transient differences between the corn and soybean phases of the CS rotation that disappear once we considered the rotation as a whole.
Likewise, we had anticipated an important effect of the crop rotation on the soil quality attributes based on previous literature. Edwards et al. (1992) found soil under 10 yr of continuous soybean (SSS) had greater availability of P, Ca, and Mg relative to rotations with a greater frequency of corn, whereas Kelley et al. (2003) found the effect of 20 yr of SSS to be limited to K reductions in the topsoil when compared with rotations of soybean with wheat (Triticum aestivum L.) or sorghum [Sorghum bicolor (L.) Conrad Moench]. Houx et al. (2011) evaluated crop rotations of CS or SSS and tillage options on soil pH and 15 nutrients in Missouri soils after 17 yr of management. The authors found that compared with SSS, the rotation CS significantly lowered soil pH due to the fertilization with anhydrous ammonia during the corn phase while impacting the levels of Ca, S, Al, Fe, and Mn of the topsoil. Houx et al. (2011) also reported that S concentrations were affected deeper in the soil profile, suggesting that tillage and rotation may enhance S mineralization and result in greater leaching of this element. On the other hand, Hickman (2002) , studied nutrient availability under long-term rotations and tillage options in West Lafayette, IN, and found that unlike tillage, crop rotations had little effect on soil chemical parameters even though crop rotations with more corn had reduced pH, which might have been expected to affect nutrient availability. Similar results were found by Zuber et al. (2015 Zuber et al. ( , 2017 when looking at rotations of CCC, CS, CSW (corn-soybean-wheat), and SSS in combination with tillage options following 14 yr of management at two Illinois sites. Though several soil attributes contributed to discriminate between the corn and soybean monocultures and, more strongly between tillage options, the rotations CCC and CS were not found to be different than the CSW rotation from a soil quality standpoint.
By investigating the rotation/phases and the overall rotation effect on soil properties, we were able to substantiate the damaging effect of soybean residue on the soil attributes measured on the subsequent corn phase of the CS rotation. These results agree with previous reports of residual soybean effect on soil parameters (Kladivko, 1994; Martens, 2000; Houx et al., 2011) . Decrease in SOM following soybean crops is usually attributed to lower production of residues that are also readily decomposable (Bullock, 1992; Kladivko, 1994 ). Yet Martens (2000) adds that due to their lower phenolic acids content (precursors of humic acids) compared with corn residues, soybean residues decrease the level of humic substances in the soil. In turn, lower levels of humic substances result in decreased C sequestration, aggregate strength, and WAS while increasing the susceptibility to erosion. Decreased aggregate size and increased surface crusting result from these soybean residue effects; in fact, Martens (2000) reported that given similar soil and management, CS Table 4 . Cross-validation results showing the number of observations (n) and percent of observations (%) correctly classified for each of the 18 location (Loc) × rotation (Rot) groups under study based on the discriminant function obtained with canonical discriminant analyses (CDA) on the selected soil quality attributes. n  14  41  22  22  17  14  18  63  29  16  57  13  5  42  25  7  55  36  496   %  3  8  4  4  3  3  4  13  6  3  11  3  1  8  5  1  11  7  100 Error count estimates for location × rotation groups: results in greater soil erosion than CCC or SC. However, the soil attributes contained in the PC1s extracted for both surface soil and complete soil profile data sets were able to differentiate among the corn and soybean phases of the CS rotation, their effect disappeared once we looked at the overall (averaged) effect of the CS rotation compared with CCC and CCS. Thus, our results show that after 12 yr of management, despite obvious differences in amount and quality of residue returned, these short rotations of CS and CCS have left a soil signature similar to that of soils under CCC in Illinois soils. This is not a minor finding since monocultures are known to reduce ecosystem functions and services via the associated loss of biodiversity and soil health (Davis et al., 2012; McDaniel et al., 2014; Tiemann et al., 2015) . After summarizing agronomic and environmental impacts of pasture crop rotations in temperate North and South America, Franzluebbers et al. (2014) emphasized the reintroduction of perennial grasses and legumes in the agricultural landscape-temporally, spatially, or both-to improve soil organic matter level, and with it the resiliency of our agricultural systems. Improvements in soil quality have been reported consistently when highly simplified systems are compared with extended rotations with diverse crops and green manures (Davis et al., 2012; Munkholm et al., 2013; McDaniel et al., 2014; Congreves et al., 2015; Tiemann et al., 2015) . Though corn and soybean belong to different crop functional groups, they are both summer annual crops, essentially keeping any temporal diversity out of the rotation. Furthermore, the negative effects on soil structure associated with soybean residues seem to outweigh the benefits of including this legume in rotations with corn, i.e., the increase in corn residue inputs to the soil due to increased yields when rotated with soybean. Although the use of a third crop (i.e., wheat) in the state of Illinois is limited for economic reasons, the inclusion of cover crops is considered a feasible alternative to increase spatial and temporal diversification. Specifically, cover crops of cereal rye (Secale cereale L.) and hairy vetch (Vicia villosa Roth) have shown to render immediate benefits from the soil quality/health standpoint, when included in the highly simplified systems dominant in the Midwest region (Villamil et al., 2006 (Villamil et al., , 2008 Davis et al., 2012; Acuna and Villamil, 2014; Dozier et al., 2017) .
conclusIon
Our results clearly showed that, regardless of the location studied-and by association, environmental variables, soil type, and fertility status-short corn rotations do not improve soil quality, compared with corn monocultures in Illinois. Our results emphasize the urgent need to temporally and spatially diversify our current and widespread cropping systems to reach the goals of sustainable production.
supplementAl mAterIAl
These supplementary materials include a detailed description of the soils at each of the six studied locations, and three tables (S1-S3) with mean values, number of observations, and standard errors of treatment means for all the soil properties determined for each location, rotation/phase, and depth. 
